Background and objectives: Vascular calcification is a common complication in atherosclerosis. Accumulating evidence showed that Toll-like receptors (TLRs) mediate pro-inflammatory and atherosclerosis. Recent studies demonstrated that vascular calcification is one of the detrimental effects of vitamin K (Vit K) antagonists. However, the effects of Vit K on the expression of TLR2 and 4 and intimal calcification in artery remained unidentified. Methods and results: Eighteen ApoE -/-mice were randomly divided into model group, Vit K-treated group, and control group. The mice of model and Vit K-treated group were fed with high-fat diet, while control group mice were fed with normal diet. Mice of Vit K-treated group were administered orally with vitamin K2 (40 mg.kg À1 .day À1 ) for 12 weeks. Twelve weeks later the aortic sections of mice were acquired and stained with hematoxylin and eosin and von Kossa, respectively. Calcium content and activity of alkaline phosphatase (ALP) at aortic tissues were measured. The expression levels of TLR2 and TLR4 in aorta sections were detected by immunohistochemisty and RT-PCR, respectively. The effects of Vit K on cellular calcification were further studied in A7r5 SMCs. Results demonstrated that high-fat diet induced typical atherosclerosis with intimal calcification in ApoE -/-mice, while in Vit K-treated group atherosclerosis and calcium deposits were not serious; Vit K2 also inhibited cellular calcification in A7r5 SMCs. Quantitative analysis showed that calcium and ALP activity at aortic tissues in the Vit K-treated mice were significantly lower than that of the model group (P < 0.01); Compared to the control group, the expression levels of TLR2 and TLR4 in the model group were significantly higher (P < 0.05), while in Vit K-treated group the levels of TLR2 and 4 were significantly lower than that in the model group. Furthermore, the content of calcium was positively related to the expression levels of TLR2 and TLR4 mRNA at aortic tissues (r ¼ 0.77 and r ¼ 0.79, respectively, both P < 0.001). Conclusion: VitK2 can inhibit intimal calcification of aortic artery induced by high-fat diet in ApoE -/-mice and A7r5 SMCs calcification induced by b-sodium glycerophosphate, and meanwhile can reduce the expression of TLR2 and TLR4. These results suggested that the effects of VitK2 on vascular calcification may be associated with the expression of TLR2 and TLR4.
Introduction
Biomineralization is a complex process occurring under both physiological and pathological conditions, and thus vascular calcification is a common consequence in atherosclerosis. Recent studies 1 demonstrated that inflammation, oxidized lipids, and alkaline phosphatase (ALP) play important regulatory roles in various types of calcific progress.
An increasing body of evidence suggested that innate immune mechanisms may initiate and accelerate atherosclerosis. Atherosclerosis has been widely considered as a chronic inflammation process. Recent studies 2 showed that inflammation was able to strongly increase the osteogenic differentiation of mesenchymal stromal cells isolated from umbilical cord Wharton's Jelly (WJ-MSC).
In the cellular inflammatory response to antigens associated molecular patterns, Toll-like receptors (TLRs) play an important role. Recent studies revealed that TLR signal pathway mediated pro-inflammatory and pro-osteogenic responses in aortic valves. 3 Furthermore, recent studies revealed that vascular calcification is one of the detrimental effects of vitamin K antagonists. 4 Vitamin K (Vit K), an essential fatsoluble nourishment, has recently switched from a single-function ''hemostasis vitamin'' to a ''multi-function vitamin''. However, the effects of Vit K on vascular calcification associated with inflammation mediated by TLR in artery remained unidentified.
In this context, we explored the effects of Vit K on calcification and the expression of TLR2 and TLR4 at aortic tissues in ApoE -/-mice as well as on smooth muscle cells (SMC). Our study demonstrated that Vit K2 can reduce the expression of TLR2 and TLR4 in aortic artery and SMC, and meanwhile inhibit intimal calcification induced by high-fat diet in ApoE -/-mice and SMC calcification induced by b-sodium glycerophosphate.
Materials and methods

Experimental animals and diets
Eighteen male apolipoprotein E-deficient (ApoE -/-) mice (provided by the Medical department of Beijing University, China) were raised under specific pathogen free environment, and then randomly divided into model group, Vit K-treated group, and control group (n was 6 for each group). Model group and Vit K-treated group were fed with high-fat diet (including 15% fat, 1.25% cholesterol and 0.5% cholic acid, respectively), while control group were fed with normal diet. The mice of Vit K-treated group were administered with vitamin K2 (40 mg.kg À1 .day À1 ) by gavage, once a day for 12 weeks. The mice of the other two groups were gavaged with propylene glycol and purified water.
Samples collecting
When the experimental mice were 19 weeks old, the mice were treated in abrosia for 12 h, and then anesthetized with 1% pentobarbital through abdominal cavity. Serum samples were collected from the orbit, and the aortic sections were acquired instantly at the time of sacrifice. Serum lipids including total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) were measured with an automated analyzer (BECKMAN AU2700, USA). All experimental procedures were approved by and conducted in accordance with the guidelines of the Standing Committee on Animal Research of Jiangsu University.
Histopathological analysis
The collected samples of aorta tissue were fixed in 10% buffered formalin and embedded in paraffin. The histopathological examinations of the aortic sections of the experimental mice in each group were performed by standard histological techniques with hematoxylin and eosin (HE) staining. The pathological changes of the lesion and its vicinity region were observed by the light microscopy.
Detection of vascular calcification
Cross sections of the aortic arch were embedded in paraffin, sectioned at 4 mm, and stained with von Kossa. For the staining, the tissues were washed with PBS three times, and fixed with ice cold ethanol for 1 h. Afterwards, the excessive ethanol was washed out three times with tap water, and the tissues were stained with 5% silver-nitrate for 30 min and then exposed to ultra-violet light for 45 min. Subsequently, the tissues were washed three times with distilled water and afterwards fixed with 5% sodium thiosulfate solution, and then counterstained with neutral pinkish red. Pictures were taken with HP scanner.
Cell culture and induction of calcification in vitro
A7r5 SMCs were cultured in DMEM containing 4.5 g/L glucose supplemented with 10% FBS, 10 mM sodium pyruvate, 2 mM pancreatic phthalein amine, 100 unit/mL penicillin, and 100 mg/mL streptomycin and were grown to confluence. Media were changed every 2 days. To induce calcification in vitro, A7r5 cells were incubated in DMEM containing 4.5 g/L glucose supplemented with 10% FBS in the presence of 10 mmol/L b-sodium glycerophosphate for 14 days. To investigate the effects of Vit K on SMCs, A7r5 cells were cultured in medium containing b-sodium glycerophosphate without or with vitamin K2 (10
À10
, 10
À8 , 10 À6 M, respectively) for 14 days. For the calcium deposition assay, A7r5 cells were washed two times with PBS (pH7.4). Mineral deposition was assessed by von Kossa staining as previously described.
Analysis of calcium and alkaline phosphatase activity in vascular wall
Tissues of aortic arch were acquired after mice were killed. Calcium content and alkaline phosphatase (ALP) activity at aortic tissues were measured according to the manufacturer's (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) recommendations.
For the analysis of calcium concentration, the aortic tissues were solubilized in 0.6 N HCl (40 mL HCl/g tissue) for 24 h. The samples were then centrifuged, and the calcium content in the supernatant was measured using the Bradford method. Calcium content of the samples was normalized with regard to protein content.
The ALP activity assay kit uses p-nitrophenyl phosphate (pNPP) as a phosphatase substrate which turns yellow ( max -405 nm) when dephosphorylated by ALP. The total proteins of tissue and cells were firstly extracted by centrifugation in RIPA lysis buffer, and then their ALP activity was measured colorimetrically. The results were normalized to the levels of total protein determined using the Bradford method.
Analysis of TLR2 and TLR4 mRNA expressed in aortic tissue
The expression levels of TLR2 and TLR4 mRNA in aortic tissue were detected through real-time fluorescent quantitative (RT)-PCR. Briefly, total RNA was extracted from aortic arch using Trizol Reagent (Invitrogen Inc., USA) according to the manufacturer's instructions. The quality and quantity of RNA were determined spectrophotometrically. Isolated fractions were dissolved in 50 ml RNAse free water and stored at À80 C. Specific primer pairs were designed and tested for efficiency and accuracy after their specificity was checked using the NCBI-BLASTN search program. Primer pairs were synthesized commercially (Sangon Biotec Inc., Shanghai, China). For this study, the mRNA expressions of TLR-2, TLR-4, and b-actin were determined using the following primer pairs:
Reactions were performed in a 20 mL volume with 5 Â PrimeScipt Bufer (for Real Time) 2 mL, PrimeScript RT Enzyme Mix I 0.5 mL, and Oligo dT Primer (50 mM) 0.5mL. SYBR Õ Premix Ex Taq II (Tli RNaseH Plus) (2Â) 12.5 mL, PCR Forward Primer (10 mM) 0.5 mL, PCR Reverse Primer (10 mM) 0.5 mL, ROX Reference Dye II (50Â) 0.5 mL, and buffer were included in RT-PCR Kit (TaKaRa SYBR Õ PrimeScript TM system, Biotec Inc., Dalian, China). A typical protocol took approximately 15 min to complete and included a 30 s denaturation step, followed by 40 cycles with a 95 C denaturation for 5 s, 60 C annealing for 30 s, and 72 C extension for 5 s. Extension periods varied with specific primers depending on the length of the product ($1 s/25 bp). Detection of the fluorescent product was carried out either at the end of the 72 C extension period or after an additional 2 s step at 2 C below the product Tm. To confirm amplification specificity the PCR products from each primer pair were subjected to a melting curve analysis.
Detection of TLR2 and TLR4 protein in aortic tissue
The levels of TLR2 and TLR4 protein in aortic arch of the mice were detected by immunohistochemistry. Briefly, sections (4 mm thick) cut from the archived paraffin blocks were attached to slides and deparaffinized with toluene, and gradually dehydrated through a descending alcohol series. To block nonspecific binding of the antibodies, the sections were incubated with 2% goat serum in phosphate-buffered saline (PBS; blocking buffer) for 30 min at room temperature. Subsequently, the slides were stained using the rabbit anti-mouse anti-TLR2 (diluted 1:200) or anti-TLR4 mAb (diluted 1:300; Santa Cruz Biotechnology, Inc., Santa Cruz, USA) or immunoglobulin G (IgG; Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China) as the negative control, and then the biopsy sections were incubated at 4 C overnight. TLR2 and TLR4 positive expression were presented as brownish-yellow granules in intimal cells of aortic tissues. The glass slides were analyzed using light microscopy (Olympus Co., Centre Valley, PA, USA) at a magnification of Â200, and images were captured.
Detection of TLR2 and TLR4 protein in A7r5 SMCs
A7r5 SMCs (4 Â 10 6 ) were rinsed twice with ice-cold PBS and lysed with ice-cold lysis buffer (1% TritonX-100, 20 mmol/l HEPES (pH 7.5), 1 mmol/L EDTA, 1 mmol/L DTT, 1 mmol/L PMSF, and 1 mg/mL each of leupeptin, aprotinin, and pepstatin) for 30 min. Cells lysates were centrifuged at 16,000 g for 10 min at 4 C, the supernatants were mixed with 5 Â SDS sample buffer, boiled for 5 min, and then separated on 12% SDS-PAGE gels. After electrophoresis, proteins were transferred to nitrocellulose blotting membranes by electrophoretic transfer. Nonspecific binding was blocked with 5% skim milk for 2 h, the membrane was rinsed, and incubated overnight at 37 C with primary TLR2 antibody, TLR4 antibody and b-actin antibody (diluted 1:300-1000; abcam, UK), respectively. It was washed in PBS/0.1% Tween-20, and incubated for 2 h with horseradish peroxidase-conjugated secondary antibody (1:5000). After washing in PBS/0.1% Tween-20, bands were visualized by enhanced chemoluminescence and exposed to radiography film.
Statistical analysis
Data were presented as mean AE S.D., and SPSS statistic17.0 (SPSS Inc. Chicago, USA) was used for all analysis. Comparisons among groups were made using one-way ANOVA. The relationship analysis was performed using Pearson's correlation coefficient. Values with P < 0.05 were considered as statistically significant. 4 mm 2 in the Vit K-treated group, respectively (the total F value among three groups was 24.930, P < 0.001). The ratio of the plaque to vascular lumen was (0.056 AE 0.270) in the control group, (0.646 AE 0.144) in the model group and (0.459 AE 0.052) in the Vit K-treated group, respectively (the total F value among three groups was 49.486, P < 0.001). Furthermore, there was a significant difference in both the cross-sectional area of the plaques and the ratio of the plaque to vascular lumen between the model group and Vit K-treated group (P < 0.05)) (Figure 1 ).
Results
Serum lipid of ApoE
Histopathological analysis for atherosclerosis
Vascular and cellular calcification and alkaline phosphatase activity in the vascular wall
Cross sections of the aortic arch or A7r5 SMCs were stained with von Kossa to determine vascular or cellular calcification. Von Kossa staining showed that highfat diet induced intimal calcification (spotty black clumps, pointed by arrow) under the fibrous cap of atherosclerotic plaque in the model ApoE -/-mice, while there were fewer calcium deposits inside the plaque in the Vit K-treated group. In A7r5 SMCs, Vit K2 (10 À6 M) also inhibited the cellular calcification induced by b-sodium glycerophosphate.
Calcium content and alkaline phosphatase activity in aorta were measured to determine the degree of vascular calcification. Quantitative analysis showed that calcium content and alkaline phosphatase activity of aortic tissue in the model group increased 19. 8 times (264.80 AE 26.02 versus 13.37 AE 1.94 mmol/gprot, P < 0.01) and 13.7 times (172.50 AE 18.89 versus 12.55 AE 2.39 U/g prot, P < 0.01) respectively, as compared to the control group. Meanwhile, in the Vit K-treated group, calcium and alkaline phosphatase activities in aortic tissue were significantly lower than that of the model group (72.47 AE 10.28 versus 264.80 AE 26.02 mmol/g prot, P < 0.01, and 50.07 AE 4.82 versus 172.50 AE 18.89U/g prot, P < 0.01, respectively) ( Figure 2 ).
Expression of TLR2 and TLR4 in aortic artery
The expressions of TLR2 and TLR4 in aortic artery biopsies were determined by immunohistochemical analysis, while the quantities of TLR2 and TLR4 mRNA were measured using real-time reverse transcriptase-PCR (RT-PCR). The expressions of TLR2 and TLR4 in 7r5 SMC were detected by western blot. Immunohistochemical staining showed that there were strong expression of TLR2 and TLR4 at atherosclerotic plaques, and qRT-PCR confirmed that the expressions of both TLR2 and TLR4 were significantly higher at the aortic tissue of the ApoE -/-mice fed with high-fat diet (P < 0.05). Compared to the model group, both of the expression levels of TLR2 and TLR4 at the aortic tissue in vitamin K2-treated group were significantly lowered ( Figure 3 ).
The correlation of calcium and TLR2 or 4 presented in aortic artery
The relationship analysis was performed using Pearson's correlation coefficient. Data demonstrated that the mRNA expressions of TLR2 and TLR4 at aortic tissues of experimental ApoE -/-mice were positively related to the content of calcium (r ¼ 0.77 and r ¼ 0.79, respectively, both P < 0.001) (Figure 4 ).
Discussion
Increasing evidence indicates that atherosclerosis is a chronic inflammatory progress involving a network of vascular cells and immune cells. Pro-inflammatory mediators, including cytokines and chemokine play critical roles in the inflammatory process associated with atherosclerosis as well as intimal calcification. Studies demonstrated that ox-LDL accumulation in the vascular wall provoked the development of atherosclerosis and vascular calcification. 5 In this study, ApoE -/-mice were fed with high-fat diet, presented high serum TC and LDL-C, and developed atherosclerosis and intimal calcification in aortic artery. The result suggested that the disorder of lipids metabolism is not only the risk for atherosclerosis but also one of the important factors for vascular calcification. Toll-like receptors (TLRs), a family of surface molecules, are the most characterized innate immune receptors. Recent studies indicated that TLRs play a critical role in inflammatory responses to exogenous and endogenous stimulators. Cells of the innate immune system recognize pathogen-associated molecular patterns via TLRs expressed by bacteria, leading to the activation of MAPK and nuclear factor-kB pathways as well as the production of inflammatory cytokines such as IL-1b, IL-6, and the chemokine IL-8.
TLRs, especially TLR2 and TLR4, have recently been demonstrated to play a key role in coronary artery disease. The activation of TLRs results in the transcription of pro-inflammatory cytokines, foam cell formation, and consequent atherosclerosis.
TLR2 and TLR4 participated in the immune response to ox-LDL by inducing an increase in proinflammatory cytokines. However, TLR2 did not participate in the formation of foam cells, while TLR4 played a relevant role in this progress. 6 TLR4 was a key mediator in ox LDL-induced inflammatory cytokine expression and secretion, and NF-kB activation. 7 Furthermore, TLR4 played an important role in the process of ox LDL/b2GPI/anti-b2GPI complexinduced transformation of macrophages to foam cells. 8 On the other hand, blockade of TLR2 activity with the pharmacologic or genetic manipulations significantly reduced the plaque size, and increased plaque stability in the brachiocephalic arteries. 9 The protective effects of TLR2 antagonism were considered as associated with the suppression of the expression of pro-inflammatory cytokines IL-6 and TNF-a, and the inactivation of transcription factors NF-kB. Moreover, high-cholesterol diet more prominently accelerated atherosclerotic formation in ApoE -/-mice.
Abundant TLR2 and TLR4 proteins were also found in human aortic valve leaflets and in isolated HAVICs. Stimulation by either PGN (ligand forTLR2) or LPS (ligand forTLR4) resulted in the activation of the NF-kB signaling pathway and the production of multiple pro-inflammatory mediators, including IL-6, IL-8, and ICAM-1. In addition, stimulation by either PGN or LPS upregulated the expression of bone morphogenetic protein-2 (BMP-2), a factor associated with osteogenesis. 10 Another study showed that greater expression of TLR2 and TLR4 and greater pro-inflammatory and pro-osteogenic responses to TLR2 and TLR4 agonists in AVICs than PVICs were associated with osteogenic phenotypic changes.
11
Recent studies 12 confirmed that overexpression of TLR2 and TLR4 enhanced the cellular bone morphogenetic protein-2 (BMP-2) response to ox-LDL. Furthermore, ox-LDL was co-localized with TLR2 and TLR4.
Lo´pez J et al. 13 demonstrated that interstitial cells from control valves expressed abundant TLR4, whereas cells from stenotic valves express higher TLR4 and TLR2. TLR4 agonists induced alkaline phosphatase expression and activity.
Alkaline phosphatase (ALPs) is a ubiquitous membrane-bound glycoprotein that catalyzes the hydrolysis of phosphate monoesters at basic pH values. ALPs is divided into four isozymes depending upon the site of tissue, including Intestinal ALP, Placental ALP, Germ cell ALP and tissue nonspecific alkaline phosphatase (TNAP). Although ALPs are present in many mammalian tissues and have been studied for many years, still little is known about their role in vascular calcification. Recently, a clinical investigation demonstrated that elevated ALP levels were associated with higher Gensini scores and a more severe form of coronary artery disease. 16 Our study also demonstrated that the expression levels of TLR2 and TLR4 in Apo E -/-mice fed with high-fat diet were higher at the plaque of atherosclerosis and the activity of alkaline phosphatase and calcium content increased simultaneously.
It is widely accepted that Vit K is an essential fat-soluble micronutrient required for the posttranslational g-carboxylation of specific glutamic acid involved in blood coagulation and preventing calcification.
g-carboxyglutamic acid (Gla) is a new amino acid common to all Vit K proteins, while matrix Gla protein (MGP) is a Vit Kdependent protein and an inhibitor of vascular calcification. Vit K was required for the carboxylation of MGP and can thereby reduce calcification in healthy women. 17 On the other hand, a recent investigation demonstrated that patients with atrial fibrillation using VKA (Vit K antagonists) presented increased levels of coronary calcification. Multivariable logistic regression analysis revealed that age and VKA treatment were significantly related to increased coronary calcium scores. 18 Vitamin K is an essential cofactor for the activation of uncarboxylated matrix Gla protein (ucMGP). Studies 19 showed there was a positive association between total arterial calcium score and a high OCR (reflecting low Vit K status).
However, increasing the dietary intake of vitamin K1 was not beneficial in the treatment of pseudoxanthoma elasticum (PXE) in a mouse model. 20 Recent work has uncovered fascinating interactions between matrix g-carboxyglutamic acid protein, Vit K, and transport proteins. 21 As to the relationship of Vit K and TLR, there were a few reports yet. Gleeson et al. 22 demonstrated that activated factor X (factor Xa), a protease crucial for blood coagulation and a factor depending on Vit K, via protease-activated receptor 2 suppresses pro-inflammatory cytokine production. Active-site g-carboxyglutamic acid domain truncation prevented factor Xa inhibition of lipopolysaccharide-induced TNF-a release. However, the effects of factor Xa require a receptor-associated proteinsensitive low-density lipoprotein receptor to inhibit lipopolysaccharide-induced cytokine production.
In summary, our data demonstrated that that TLR2 and TLR4 play important roles in the vascular inflammatory response and at least in part, are involved in the initiation and progression of atherosclerosis and calcification. TLR4 signaling pathway may be a potential therapeutic target for the treatment of ischemic coronary artery diseases including atherosclerosis and calcification. 23 Moreover, vitamin K2 can reduce vascular calcium and alkaline phosphatase activity, and inhibit intimal calcification induced by high-fat diet in ApoE -/-mice. The results suggested that the effects of vitamin K2 on calcification of aortic artery may be associated with the regulation of the expression of TLR2 and TLR4.
However, further studies to explore the biological mechanisms driving the process are necessary.
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